. Interestingly, the average phosphorylation level of we examined the relative degree of synapsin phosphorysynapsin I at site 6 in the axonal regions was approxilation following different stimulus conditions. Immumately 3-to 4-fold higher during AP stimulation at 5 nofluoresence measurements using phospho-specific Hz than that of the resting condition (p Ͻ 10 Ϫ15 ), but polyclonal antibodies, specifically directed against eidecreases to ‫%08ف‬ of that of resting condition during ther a CaM kinase II site (site 3) or a MAP kinase site AP stimulation at 20 Hz (p Ͻ 10 Ϫ3 ) ( Figure 2J ). These (site 6), were used to determine the extent of phosphoryresults indicate that during low-frequency stimulation lation at these sites. These data were normalized to the (5 Hz), MAP kinase and cdk 5 collectively have higher total synapsin I protein, as detected with a synapsin activity levels than calcineurin, resulting in a net phos-I-specific monoclonal antibody. Immunolocalization of phorylation at this site. However, this balance shifts to synapsin with phospho-specific and total synapsin-I ana net dephosphorylation at higher stimulus frequencies. tibody binding were visualized simultaneously using dif-
The I during synaptic activity, we engineered GFP-synapsin by calcium-dependent phosphorylation of sites 1, 2, and 3 by CaM kinase I/IV and II during synaptic activity at I mutants that harbor mutations either at the CaM kinase sites or the MAP kinase/calcineurin sites and studied 10 Hz, which in turn controls the efficiency of vesicle turnover (Chi et al., 2001 ). CaM kinase II has been implitheir effects on synaptic vesicle pool turnover under different firing conditions. In a previous report, we demcated as a molecular frequency detector for Ca 2ϩ spikes during synaptic activity (Hanson et al., 1994) . Thus, we onstrated that GFP-synapsin Ia dynamics is regulated Figure 2J ). Therefore, we next specifically investigated the physiological significance of the MAP kinase/ wild-type GFP-synapsin Ia, the dispersion kinetics of GFP-synapsin Ia-S1/2/3A was faster than and well corcalcineurin sites in synapsin Ia at different firing rates by directly mutating each of the sites from serine to related with the rate of vesicle pool turnover (R ϭ 1.00) for all frequencies tested ( Figure 3A , p Ͻ 0.015 for all glutamate to mimic constitutive phosphorylation. When all MAP kinase/calcineurin sites were mutated to glutacomparisons). In contrast to boutons expressing wildtype GFP-synapsin Ia, GFP-synapsin Ia-S1/2/3A-expressmate (S4/5/6E), the kinetics of GFP-synapsin Ia-S4/5/ 6E dispersion were well correlated with (R ϭ 1.00) and ing nerve terminals had significantly slower kinetics of synaptic vesicle pool turnover than nonexpressing nerve faster than vesicle pool turnover over the frequency range tested ( Figure 4A , p Ͻ 10
Ϫ5
). The kinetics of vesicle terminals in the same experiments at all stimulation frequencies ( Figures 3B and 3C, In addition to the dephosphorylation of the MAP kinase/ synapsin dynamics and vesicle pool turnover at lowfrequency stimulation. Nonetheless, these observations calcineurin sites during high-frequency stimulation, our immunocytochemistry study also demonstrated phosfurther indicate that the MAP kinase/calcineurin sites of synapsin Ia can modulate synapsin dynamics and phorylation at one of the MAP kinase/calcineurin sites, site 6, during low-frequency stimulation (5 Hz). Thus, to synaptic vesicle pool turnover over a wide range of frequencies. study the physiological significance of this phosphorylation, we mutated all of the MAP kinase sites from serine to alanine, a nonphosphorylatable form. When all of the CaM Kinase and MAP Kinase/Calcineurin Sites Together Modulate GFP-Synapsin MAP kinase/calcineurin sites were mutated from serine to alanine, the kinetics of GFP-synapsin Ia-S4/5/6A disIa Dispersion and Vesicle Turnover at All Stimulation Frequencies persion were also well correlated with (R ϭ 1.00) and faster than the kinetics of vesicle pool turnover in the We next examined the effect of combined mutations at the CaM kinase sites and MAP kinase/calcineurin sites same synapses at all frequencies tested ( Figure 4A ). The effect of GFP-synapsin Ia-S4/5/6A expression on vesicle (GFP-synapsin Ia-S1/2/3A;S4/5/6E) on synapsin dispersion and vesicle pool turnover in response to different pool turnover showed an almost inverse frequency dependence compared to the glutamate mutations at the firing rates. Similar to all other mutants as well as wildtype GFP-synapsin Ia, the rate of GFP-synapsin Ia-S1/ same sites ( Figure 4B) , varying from 34.7% Ϯ 4.9% slowing at 5 Hz to 4.6% Ϯ 4.0% slowing at 20 Hz. These 2/3A;S4/5/6E dispersion was significantly faster than synaptic vesicle pool turnover. However, the two paramobservations are consistent with our immunocytochemistry studies, which demonstrated that synapsin I became eters were no longer well correlated over the range of frequencies tested ( Figure 5A ). In addition, GFP-synapmore phosphorylated at the MAP kinase/calcineurin sites during stimulation at 5 Hz, but dephosphorylated sin Ia-S1/2/3A;S4/5/6E effectively slowed vesicle pool turnover kinetics to a similar degree at all stimulation during stimulation at 20 Hz ( Figure 2J) , and suggest that during low-frequency stimulation (5 Hz), the MAP kinase/ frequencies ( Figure 5B ). The contributions of the mutated CaM kinase sites (from serine to alanine) and MAP calcineurin sites need to be in the phosphorylated state to confer efficient synaptic vesicle recycling, whereas kinases/calcineurin sites (from serine to glutamate) in slowing vesicle pool turnover seemed to be additive (Figduring high-frequency Fig-3A ;S4/5/6E) ( Figure 6B ). Here, in the latter case, the effect on vesicle pool turnover kinetics is quite substanure 6A), and GFP-synapsin Ia-S1/2/3A;S4/5/6E effectively slowed vesicle pool turnover kinetics to similar tial without a commensurate change in the kinetics of synapsin Ia-S1/2/3A;S4/5/6E dispersion. This phenomedegrees at all stimulation frequencies tested ( Figure 6A) . Interestingly, unlike the case for the wild-type backnon implies that at low stimulation frequencies, synapsin can control vesicle mobilization through yet unidentified ground, transfection of all synapsin Ia mutant forms as well as the wild-type GFP-synapsin Ia exhibited signifimechanisms in addition to those regulating its association with and dissociation from the vesicles. cant slowing effect on synaptic vesicle pool turnover during low-frequency stimulation (5 Hz) when compared to nontransfected nerve terminals ( Figure 6A) . One of Discussion the key differences between transfection into the wildtype background (rat) and that of the synapsin I/II
The studies presented here demonstrate that synapsin Ia dispersion is dynamically regulated in response to background is the presence or absence of synapsin II. Thus, the difference between the data at low stimulus firing activity at different frequencies in presynaptic Our data demonstrated that these two sets of phosics (Jovanovic et al., 1996 ). Thus, it is possible that the
